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EXECUTIVE SUMMARY

Severe hypothermia damages endothelial cell cytoskeleton and significantly
reduces tissue perfusion that is only partially restored on rewarming. The calcium
channel blocker flunarizine (FL) was administered to examine the mechanisms and
possible attenuation of hypothermia-induced changes in extravasation and perfusion.
Blood and tissue samples were taken from 6 groups of 12 male rats: CN (control,
normothermic). FLN (N rats given 1 mg/kg of FL by gavage), CHypo and FLHypo
(cooled to and maintained at a Tc of 25°C for 1 hr following vehicle control or FL) and
CRew and FLRew (rewarmed to a Tc of 35°C following Hypo). Recovery of Evans blue
(Eb) bound albumin was used as a marker of protein extravasation. Because blood flow
to most organs is significantly reduced during hypothermia, values for expected Eb were
predicted from previously reported reduced flow and measured N extravasation, for
Hypo and Rew tissues. In FLN rats, Eb was significantly (p<0.05) increased in liver (Li),
intestine (1), kidney (K), and lung (Lu), suggesting that FL increased flow in these
tissues. Hypo Li, I, Lu, muscle (M), and brain (B) and Rew Li exhibited greater than
predicted Eb concentrations suggesting endothelial damage. In Rew tissues, FL
increased Eb in Li, Lu, heart (H) and M (35.0£8.0 vs. 28.3+6.5, 47.9 + 24 8 vs. 19.5+9.1,
19.0£6.3 vs. 13.4, 4 4+1.8 vs. 3.0+1.2, ug/gm dry wt of tissue, respectively) compared
to CRew, with no difference in cooling or rewarming rates suggesting increased
perfusion of these tissues. FL-induced increased extravasation was due to increased
perfusion of rewarmed tissues thus potentially reducing ischemic damage resulting from
hypothermia and rewarming.



INTRODUCTION

While controlled mild to moderate hypothermia is commonly used during many
surgical procedures to lower metabolic rate and reduce the dangers of ischemia during
temporary diversion of the blood supply from target organs (2, 13), deep hypothermia
can have serious pathophysiological consequences. In a clinical setting moderate
hypothermia has reduced the severity of damage from traumatic brain injury in patients
(21). Additionally, there is a renewed interest in using hypothermia for the clinical
treatment of the edema and resulting increased intracranial pressure resulting from
middle cerebral artery infarction (33, 36).

Rewarming from accidental severe hypothermia is associated with sudden, often
fatal, vascular collapse characterized by falling cardiac output and sudden drops in
peripheral resistance and BP (30, 39, 40). During severe hypothermia in rats there is a
decrease in blood flow to brain, heart, liver, spleen, kidney, intestines, and muscle to 3-
33% of normal values; even upon rewarming these flows may still be depressed to 5-
55% of pre-hypothermic values (40). Cooled blood circulated through the brain has
been reported to disrupt the blood brain barrier (28), and hypothermia altered
endothelial cell structure (13). Cold exposure resulted in loss of transmembrane ion
gradients and barrier function; ion pump failure resulted in increased Ca™ concentration
and consequent cytoskeletal disruption followed by organ damage due to the
breakdown of endothelial integrity (13). An increase in blood viscosity results in
extravasation of plasma proteins and water (45); this loss of fluid from the vascular bed
is postulated to be responsible for the diminished cardiac output (2) that may result in
terminal vascular collapse.

Calcium acts as a regulator ion for many enzymes; the hypothermia-induced
increase in Ca"™ concentration may in itself be lethal, (44). Severe hypothermia results
in increased intracellular Ca** sequestration and consequent endothelial cytoskeletal
disruption (13). Microvascular injuries induced by free radicals were prevented by
pretreatment with the calcium channel blocker flunarizine (10) (FL, (E)-1-bis(4-
fluorophenyl)methyl-4-(3-phenyl-2-propenyl) piperazine dihydrochloride). Below a core
temperature (Tc) of 27° C there is an increase in blood viscosity (42), and increased
viscosity increases extravasation. In a study by DeClerk et al. (7), FL attenuated the
increase in blood viscosity following ischemia perhaps due to increased deformability of
red blood cells and improved peripheral blood flow. Thus, the use of FL may not only
attenuate extravasation due to endothelial gap formation and increased viscosity, but
may also attenuate flow reductions characteristic of severe hypothermia.

Flunarizine is a selective calcium antagonist (27, 43) which readily crosses the
blood-brain-barrier, protects cells from the effects of Ca*™ overload without interfering
with the normal cellular Ca™ homeostasis, and protects the endothelium by blocking the
entry of excessive Ca’" into the cell (1, 5, 16). Additionally, FL. does not alter normal
blood-brain-barrier function with artificially induced hypertension (46).



A previously published study (22) established that there is a dose-response
increase in endothelial permeability of rats subjected to increasing levels of
hyperthermia. In a subsequent study (23), the calcium channel blocker flunarizine was
used to attenuate this hyperthermia-induced extravasation. As the dose of flunarizine
was increased from 0.3 to 3 mg/kg, there was a significant reduction of Evans blue (Eb)
recovered from hyperthermic liver, kidney, lung, spleen, and duodenum. Endurance
time in the heat to reach a Tc of 42.6°C was significantly increased with 1 mg/kg of FL
compared to control and the reason for the increased endurance was speculated to be
maintenance of vascular volume.

In earlier work Matthew et al. (24) examined the effects of a range of hypothermic
core temperatures (Tc) on extravasation. Increased extravasation and the specific
organ sites of this extravasation resulting from hypothermia to a core temperature (Tc)
of 20, 25 and 30°C and rewarming from these Tc’s were reported. Brain, heart, lung,
liver, duodenum, spleen, kidney, and gastrocnemius tissues all exhibited significant
differences from normothermic controls, and these differences were attributed to a
combination of anesthesia, hypothermia-induced reductions in flow, and/or change in
endothelial permeability.

Severe hypothermia damages endothelial cell cytoskeleton and significantly
reduces tissue perfusion that is only partially restored on rewarming. The FL was
administered to examine the mechanisms and possible attenuation of hypothermia-
induced changes in extravasation and perfusion. Tveita (38) asserted that while the
cause of cardiovascular collapse on rewarming was still unknown, it does involve
alterations in the peripheral vascular bed and increased capillary leakage of plasma
proteins. Recovery of Eb is commonly used to quantitate extravasation (15, 18, 26, 29,
35) or breach of the blood-brain barrier (4, 8, 34). Therefore, in this study, FL was
evaluated for its ability to ameliorate hypothermia-induced extravasation and flow
restriction by measuring changes in Eb extravasation and wet/dry weight changes in
organ beds. Results from this study will increase knowledge of the pathophysiology of
hypothermia and help to formulate pharmacological pretreatments to prevent such
damage or treatments following the insult.

METHODS
ANIMALS

All experimental procedures were approved by our Institutional Animal Care and
Use Committee and carried out with adherence to the "Guide for the Care and Use of
Laboratory Animals," as revised in 1996 and to the U.S. Government Principles for
Animal Use, 1985. A total of 76 adult male rats (Sprague-Dawley, Harlan, SD strain,
360-420 g) were used as follows: There were 6 groups (N=12/group) of experimental
animals: CN (normothermic, controls), FLN (normothermic, 1 mg/kg FL suspended in
1:1 corn syrup in water, 4 ml/kg by gavage), CHypo (vehicle control, 4ml/kg 1:1 corn
syrup in water by gavage, pentobarbital anesthesia, hypothermia, Tc 25 °C for 1 hr),
FLHypo (FL, pentobarbital anesthesia, hypothermia), CRew (vehicle control,



pentobarbital anesthesia, rewarmed from hypothermia), and FLRew (1 mg/kg FL,
pentobarbital anesthesia, rewarmed.) Four additional animals were used to obtain
tissue blanks for the Eb assay. Data from anesthesia control groups for this study were
previously published (24), and the relevance of that data on the results in this study is
examined in the discussion. Animals were housed in individual wire bottom cages in
the animal colony until the start of the study. Environmental conditions were maintained
(26°C, 50% relative humidity), lighting was controlled automatically (on, 0600-1800 h)
and food (Purina Rodent Chow # 5001) and water were available ad libitum except
during experimental intervals.

SURGICAL CANNULATION:

Animals were anesthetized (40mg/kg sodium pentobarbital, i.p.), given atropine
(200 ug, i.m.) and antibiotics (Polyflex® ampicillin, 12.5 mg i.m.) prior to surgery.
Through a mid-ventral neck incision, silastic® catheters were inserted aseptically into
the external jugular vein for administration of Eb and blood withdrawal. All animals were
allowed a 1-week recovery period prior to the study.

EXPERIMENTAL PROCEDURE:

A 0.5 ml blood sample was taken from the jugular catheter for determination of
hematocrit (Hct) and % total protein concentration of the plasma (refractometer).
Flunarizine (1 mg/kg, Sigma Chemical Co., St. Louis, MO; suspended in 4ml/kg, 1:1
corn syrup in water) or vehicle control (4mil/kg, 1:1 corn syrup in water) was
administered by gavage. Thirty minutes later the rats were lightly anesthetized with
sodium pentobarbital (Nembutal, 35 mg/kg, i.p.). Fifteen minutes later, a rectal probe
was inserted 6¢cm beyond the anal sphincter and the animals were cooled as previously
described (24). Each animal was placed in a cooling coil constructed of copper
refrigeration tubing attached to a water bath initially set at 15°C; over the next 15 min,
temperature of the water bath was ramped down to 5°C. Rats were cooled until they
attained a rectal temperature (Tc) of 25°C, where they were maintained for 1hr. Blood
and tissue samples were collected from the Hypo groups after 1-hr at a Tc of 25°C, and
from the Rew groups after rewarming to a Tc of 35°C by increasing the temperature of
the circulating water to 37 °C over 20 min. Normothermic rats were neither given
pentobarbital nor subjected to cooling, and tissues were sampled 2-3 hrs after
administration of C or FL.

Following one hour of hypothermia for the Hypo groups or rewarming for
the Rew groups, rats were removed from the coils and Eb (2.5mg/kg, 1:1 saline and rat
serum to assure albumin binding, 2ml/kg) followed by 0.5 ml of saline flush was
administered via the jugular catheter. After a further 15min, animals were deeply
anesthetized with methoxyflurane; a blood sample taken by cardiac puncture; heart,
liver, lung, intestine, gastrocnemius muscle, duodenal tissue, and brain were removed,
washed twice in normal saline and ~0.5¢g portions placed in 3ml formamide overnight for
Eb extraction. A second ~0.5g tissue aliquot was removed and dried to a constant
weight to calculate wet-weight/dry-weight ratio.



EVANS BLUE ASSAY:

The following day, the supernatant was removed and filtered (Acrodisc syringe
filter, 0.45 micron), and Eb concentration was read against a formamide blank (620nm,
Perkin ElImer Lambda 2 dual-beam spectrophotometer). Because formamide extracts
other substances that absorb light at 620nm, tissue blanks were obtained from
normothermic rats without Eb injections. The mean absorbance of these tissues per
gram of wet weight of tissue was subtracted from the absorbances of the appropriate
experimental samples prior to calculating an Eb concentration from a standard curve
generated for Eb in formamide. A final Eb concentration per gram of dry weight tissue
was calculated.

STATISTICS:

All values are mean * standard deviation (sd). For comparisons among groups,
data were analyzed by one-way analysis of variance (Statistica®© software) followed by
Tukey’s post hoc test for multiple comparisons. Student's “t” test was used for
comparisons between actual and predicted values.

In order to determine how much extravasation is due to damaged endothelium or
drug effect it is necessary to determine the change in extravasation that could be
expected based solely on the change in organ blood flow during hypothermia and
rewarming. An expected reduction in extravasation was predicted on the basis of the
reduced flow as previously reported (24). Calculations of the predicted extravasation at
25°C and after rewarming were derived from the values for change in blood flow to
each organ reported by Tveita et al. (40) and are presented in Table 1.

RESULTS

Results of this study can be divided into three avenues of concern: 1) The effects
of FL in normothermic tissue, 2) The effects of hypothermia and rewarming on
extravasation of protein and tissue water content, and 3) The effects of FL on
extravasation of protein and tissue water content in hypothermic and rewarmed tissues.
Table 1 contains the Eb concentration in ug/g of dry weight (wt) of tissue for the
normothermic control animals given no pentobarbital anesthesia (CN), the
normothermic animals given 1 mi/kg of FL (FLN) and the values predicted for the
hypothermic and rewarmed tissues based on a reduction in flow alone elicited by
hypothermia and rewarming. The actual Eb concentrations measured in the
hypothermic and rewarmed tissues with and without flunarizine indicative of albumin lost
from the vasculature were compared to the values in Table 1 and are illustrated in Fig 1.
Table 2 contains the wet/dry wt ratios of the tissues from the CN and FLN groups. Fig.
2 illustrates the wet/dry ratios of the hypothermic and rewarmed tissues and compares
these to the control values in Table 2.



"NO wouy jussaylp (Go'0>d) Apueoyiubis O ¢
"s|ewiue dlWJBYiowIoU Ul sulzueunyy By/bw | Z
"BISBY]SOUE |BInquisu INOYHM [OJJUOD DIWISYIOWION |

ZL0F,GCv| GOOF/0v| LOOF6VYY| CLOF66F| CLOF¥68C| GLOFO0EY, ¥OOF6L€ N4
CLOFOP Y| 900FGL Y| LOO0FVS¥| LLOFZ8Y| LLOFLE6E| €LO0+2CV| 600F1C€C  NO
ulelg ajosn ueaH BunT Aaupiy aunsau| JOAIT dnolg

"suiZiieun|} by/Bw | JNOYNIM pue UlIm Sjel OILLISYIoWIoU Wwoly sanssi) jo onel jyblem Aip/ yblieam jam ay | ¢ ajqe

"ND wodj juatagip (G0'0>d) Apueoyiubis o
"anssi] pawiemal 1o} pajoipald sanjep b

‘anssi} olwIaylodAyY Joy pajolpald sanjep €
‘sjewiue olwlayjowou ul by/bw | suizueun|d4 g
"BISOYISOUER [BINQUISU JNOYJM |OJIUOD DILLIBYJOWION |

GOoFlL 80*v¢ LyFlLEl 06 *L'/L R vecEvill Ov+60L | ,GZmal pald
-GZodAy
y0+60 80F€C LeFE0l GLFEPL 8y +.8 6LF¥C6 Gv+cdl paid
90+,40 9LFLlV 8GFPdIZ| LELF,phOP| 8GF,L°€L G9%,5¢c | L+,¥'8C N4
80F11 L'LFEC 89F06L| LE€LF6B'SC ¢c6F.9l 9¢+0.LL 9.,.%90¢ NO
ulelg 3|9SNN yesH BunT Aaupryj aunsayu| 18AIT dnoig

Slel poauliemal

pue olwIayjodAy 1o} sanjeA pajolpaid pue dlwIaylowlou wody anssly Jo m Aip 6/6n ui uoielusdsuod anjq sueas | a|qe |




14 BuIAieoa) Jou dnoub Buipuodsarioo woly Justayip Apueoyiubis st anjea 74 4, ‘(L 8|qel) dnoib 74 dlwisyjouwliou

ueyy u, ‘(] a|qel) senjea pajoipaid uey) d, ‘(] a|gel) senjeA [0J}U0D dlWIayjowlou Uey) 0, -juasaidal sieps| sy}

‘JOY19| BY} OAOGE PaledIpul SI (>) UBY] $S9] JO (<) uey) Jeyeald s| sanjea ayj Joyjlaym SMojjo} Se pajuasaldsal ale Jualaylp
(o 0 >d) Ajueonyiubis aie jey) sanjeA "UOHEBIASP pJepuE)s F Uesl ale SanjeA 74 INOYIM pue yim sdnolb psuliemal
By} pue 74 Jnoynm pue yum sdnodb oiweyjodAy Joj senssl 8y} JO YOeS Joj 8Njq SUBAT JO UOBIUSOUOD | ainbi-

uieag ajosniy HeaH Bunq Kaupi) aul3sajuj J9AIT
B\ _H | | | | i
d - u
< d > M_ : - 0l
A 7/ N
} [: S
< > 9 - 02 m
u > . d w
d > u d < w.
< > < -0e T
)} u \MI
< > 2 2 Q
< < Loy M
: d| d w
«Qa
a5 < < m
3
d < 2 ~ 0§
< d < m..
d < d S
u < <
< - 09
2 < u M
< ) < =
d < }
< < - 0L
i

<
MmoyT4E MOYON ©0dAHTIM 0dAHO[ 08




"4 BuiAleoal jou dnoib Buipuodsaliod wou) Jusiayip Apueoyiubis s| anjea

74 J, pue (1 o|qel) dnoib 74 oluieyjouwou ueyy U, ‘(z o|qe) sanjeA |04u0d JiWIBYjowlIou ueyy o, -jussalidal siops| ay)
‘J9}19] Y} SAOQE PaledIpUl SI (>) uBy} sS8| JO (<) Uey} Jojealb s| sanjeA ay} Joylaum :SMoj|o) se pajuasaldal ale Jualayip
(500 >d) AjueoijiuBis e 124} SBNjeA "UOIIBIASP Piepuels F UBSW aJe sanjeA 4 INoylm pue yym sdnolb pawiemal

oy} pue T4 INoYIM pue yum sdnoiB oiwrsyjodAy 1oj sanssi auy Jo yoes 1oy onel jybiam Aip nybiem 18\ g 8inbi4

uleag a|osn }jleaH Bunq Kaupiy aul3salu| 19A17
L { L { I H i O.MH
: a
N - C'¢t
T ] a
- ve
- 9'¢
I =
- 8¢ &
&
;ﬁ -0V @
5 > - -
> 2 > . -
u > A w
- . <
be/
3 < } i .VV m.
> S - Q
u 2 2 -
< u 2 -9v
> > > < r
2 u 5
> 27, < S - 87
> > r
u u -~ 0°G
> > -
} .
- - 2'S

moy14E MayON odAH141 odAnOO -




FL IN NORMOTHERMIC TISSUE:

Administration of FL to normothermic rats (Table 1) resulted in a significantly
(p<0.05) increased concentration of Eb-bound albumin in intestinal (38%), renal (42%),
pulmonary (56%), and hepatic (38%) tissues as well as a significant decrease in the
brain (58%). A comparison of the wet/dry wt ratios of the FLN to the CN group (Table 2)
indicated that FL increased water content of the lungs and decreased water content of
the brain. Therefore, FL increased extravasation of protein in the intestine, kidney, lung,
and liver as well as decreasing it in the brain; FL increased lung tissue water content
and decreased that of brain. Only those tissues with a change greater than 50% in
protein content exhibited a gravimetrically measurable corresponding change in water
content.

PROTEIN EXTRAVASATION AND WATER CONTENT OF HYPOTHERMIC AND
REWARMED TISSUE:

Using the predicted values for extravasation of albumin-bound Eb from Table 1,
the measured values for each hypothermic and rewarmed tissue were compared to the
values that might be expected if hypothermia and rewarming-induced changes in flow
were the only factors responsible for a change in protein extravasation. In both
hypothermic (CHypo) and rewarmed (CRew) hepatic tissue (Fig. 1), extravasation of
albumin-bound Eb was greater than predicted and greater than CN. In intestinal,
pulmonary, gastrocnemius muscle, and brain tissue, the hypothermic tissue contained
significantly higher concentrations of Eb than predicted, but the rewarmed tissue
contained the predicted concentration. In renal and cardiac tissues both hypothermic
and rewarmed tissues contained the predicted concentrations of Eb. Wet wt/dry wt
ratios (Fig. 2) for hypothermic intestinal and renal tissue were significantly greater than
for CN while hypothermic muscle and rewarmed pulmonary and muscle tissue had
significantly lower ratios than CN. Therefore, hypothermic liver, intestine, lung, muscle
and brain all exhibited increased leakage of protein while only liver continued to exhibit
increased extravasation in rewarmed groups. Edema was evident only in hypothermic
intestinal and renal tissue, but dehydration of rewarmed tissue was evident in lung and
muscle tissue.

FL EFFECTS IN HYPOTHERMIA AND REWARMING:

Values illustrated in Fig. 1 and Fig. 2 were compared to determine the impact of
FL administration on Eb content and wet wt/dry wt ratios of hypothermic and rewarmed
tissues. In both hypothermic and rewarmed hepatic tissue, FL administration increased
Eb content (Fig. 1) above that induced by hypothermia or FL alone (Table 1); therefore,
in hepatic tissue the effects of FL. and hypothermia on Eb content were additive. There
were no differences in hepatic water content among any of the experimental groups. FL
administration did not alter Eb content of intestinal or renal tissue in either hypothermic
of rewarmed groups. Wet wt /dry wt ratios were not changed in renal tissue, but FL
significantly reduced water content of rewarmed intestine. In pulmonary and cardiac



tissue, FL did not change Eb extravasation in hypothermic tissue; however, FL
significantly increased extravasation in rewarmed pulmonary (145%) and cardiac (42%)
tissue. Wet wt/dry wt ratios of pulmonary but not cardiac tissues was increased similar
to the phenomenon noted in normothermic tissue where a greater than 50% increase in
protein extravasation was required to be reflected in increased water content. In muscle
and brain tissue where hypothermia alone induced an increase in Eb extravasation
compared to the predicted value, FLHypo groups had Eb contents that were not greater
than predicted. FL increased Eb extravasation in rewarmed muscle but not in rewarmed
brain. FL increased wet wt/dry wt ratio of muscle tissue in hypothermic and rewarmed
groups so that it was no longer less than that of normothermic controls. FL dramatically
decreased rewarmed brain water content but did not alter hypothermic water content.

The increase in extravasation (Table 1) resulting from the FL-induced
vasodilatation and accompanying increase in flow was not accompanied by a change in
either cooling rate (CHypo, —0.124 + 0.044 vs. FLHypo, —0.132 + 0.039; CRew, —-0.143
+ 0.030 vs. FLRew, —0.136 % 0.036 °C/min) or rewarming rate (CRew, 0.190 + 0.059 vs.
FLRew, 0.190 + 0.030 °C/min) of the FL-treated animals.

Table 3 Hematocrit and % total plasma protein concentration

Pre-HCT Post- Change Pre % Post % Change

HCT pre to TPP TPP pre to

post post

HCT TPP

CN 49.6 44 3° -5.1 7.1 5.82 1.2
+1.9 +1.8 +2.2 +0.3 +0.3 +0.3

FLN 495 43.9 -6.0 7.0 57 1.3
+2.3 +1.5 +2.0 +0.2 +0.3 +0.3

CHypo 50.0 46.1 4.0 7.1 5.9 1.2
+1.8 +2.0 +1.8 +0.3 +0.4 +0.4

CREW 48.7 43.9° 4.8 7.1 5.4° 1.7
+1.2 +2.0 +1.8 +0.3 +0.3 +0.2

FLHypo 48.8 452 -35 7.2 59 1.4
+1.9 +2.2 +15 +0.2 +0.4 +0.4

FLRew 50.2 42 6° 7.3 7.0 5.3° 1.7
+2.1 + 2.1 +1.2 +0.2 +0.1 +0.2

All values are mean % * SD.
a All post-samples are significantly (p<0.001) different from pre-samples.
b Rewarmed significantly (p<0.02) different from hypothermic.
¢ FLRew significantly (p<0.001) different from CRew.

A IN HCT AND % PLASMA PROTEIN:

Table 3 contains the Hct and % total plasma protein (TPP) concentration

determined prior to the start of each experiment (pre) and again from the large blood
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sample taken during exsanguinations via cardiac puncture prior to tissue harvest (post).
The mean post Hct and % TPP values of all groups were significantly (p<0.001) lower
than pre values. The Rew Hct and % TPP values were significantly (p<0.02) lower than
the corresponding values for the Hypo groups for both C and FL. Additionally, the
FLRew group had a significantly (p<0.001) lower Hct than the CRew group.

DISCUSSION

The results and conclusions from this study are based on the measurement of Eb
extravasation and wet/dry weight ratio of tissues. The measured Eb is an index of
albumin loss from the vasculature. The wet wt/dry wt ratio is an index of the change in
net tissue water content as a result of loss of water from the tissues both via
dehydration and diuresis as well as the gain of water by the tissues resulting from
edema.

Flunarizine is a calcium channel blocker; properties of this class of drugs would
be expected to impact physiology during hypothermia and rewarming. A general
characteristic of calcium channel blockers is that of vasodilatation. Vasodilatation of
superficial peripheral vasculature could be a detriment in a cold environment resulting in
an increased rate of heat loss to the environment. However, in this study the
administration of FL did not change the cooling rate consistent with the work of
Centonze et al., (3) on Raynaud’s syndrome. Some calcium channel blockers have
shown promise in the treatment of the extreme vascular constriction characteristic of
Raynaud’s syndrome, however FL pretreatment did not relieve this cold-induced
constriction in the hands; FL did not dilate surface vasculature. In addition to
vasodilatory and anti-vasocontrictive effects that differ in different organs, calcium
channel blockers have been shown to have direct antiischemic and cytoprotectant
effects and these protective effects also differ in different organs (41).

In normothermic tissues, FL increased extravasation of protein in the intestine,
kidney, lung, and liver and decreased it in the brain; FL increased lung tissue water
content and decreased that of brain. As FL is a known vasodilator in normothermic
tissues, the increases in extravasation were most likely due to increased FL-induced
flow in these tissues. Hypothermic liver, intestine, lung, muscle and brain all exhibited
increased leakage of protein while only liver continued to exhibit increased
extravasation in rewarmed groups. As hypothermia decreased organ blood flow and
disrupted the endothelial cytoskeleton, the increased extravasation most likely indicated
cytoskeletal damage. Increased Eb extravasation indicated that FL administration
significantly increased perfusion in rewarmed liver, lung, heart, and muscle tissue but of
the hypothermic tissues perfusion was increased only in the liver.

An increase in blood flow increases the capillary diffusion capacity of a
vessel, because the concentration gradient is maintained for a greater time during the
transit. This is a particularly important consideration in skeletal muscle and brain as well
as heart and adipose tissue where permeability is limited (6). Water diffuses quickly
using all of the capillary surface both cellular and paracellular resulting in rates of water
diffusion that are 10-100 times greater than the rate of other solutes that are restricted
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to intercellular clefts. This may help to explain the dramatic decrease in brain water
content on rewarming.

An increase in intestinal blood flow increases hepatic blood flow as 70-80% of
hepatic flow is from the gastrointestinal venous outflow. Thus in this study, the
increases in Eb seen in hypothermic and rewarmed liver with FL may simply reflect
result of vasodilation and increased flow in the intestine. The FL-induced changes in
flow resulted in the greatest changes in rewarmed liver and lung, which would be
expected as they are both reticuloendothelial system tissues with facilitated trans-
endothelial transport.

Another potential mechanism by which FL could be beneficial is that of
antioxidant. We have previously demonstrated organ-specific, dose-response vasogenic
edema (extravasation) resulting from hyperthermia (22), from hypothermia and from
rewarming following hypothermia (24). Hyperthermia alters the structure of endothelial
cells changing their shape and reducing the integrity of the endothelial vascular barrier
(17) resulting in increased vascular permeability and extravasation. Local heating of the
pial vasculature of rats resulted in platelet aggregation, local microvascular occlusion
(11), and ischemia, all of which were induced by free radicals and attenuated by the
calcium channel blocker FL (10). Flunarizine attenuated the hyperthermia-induced
extravasation and the mechanisms of its action appeared to be that of an antioxidant as
well as a calcium channel blocker (23).

A number of studies have directly linked hypothermic injury to the production of
free radicals. Increased antioxidant defense is one of the physiological adaptations
found to protect the brain against a variety of insults in hibernating animals (9). In a
study of cultured rat hepatocytes and liver endothelial cells incubated in a cold culture
medium down to 4°C, cold-induced release of oxygen free radicals were the main cause
of cellular damage (31). Pretreatment of the cell cultures with a-tocopherol (vitamin E)
prevented the injury. Lipid peroxidation was induced in rat brain, liver, skeletal muscles
and heart muscle during the induction of hypothermia to 30°C, and on reaching 20°C
was 30-160% greater than during normothermia (20).

As Tc decreases, fluid shifts out of the vasculature, which increases Hct and
results in increased viscosity and compromised circulation. Diuresis early in
hypothermia reduces total vascular volume but at least temporarily increases kidney
water content in hypo animals as seen in Fig 2. Diuresis early in the course of
hypothermia is probably a reflex response to increased blood pressure secondary to
peripheral vasoconstriction. Additionally, there may be osmotic movement of fluid into
cells as a result of hypothermia-induced metabolic activity. This intracellular movement
of water may be reversed as cooling progresses and reflexes are abolished resulting in
increased extracellular water or edema. During rewarming, blood volume has however
been shown to increase and may actually exceed pre-hypothermic levels (14)

In the present work, only those tissues with a greater than 50% change in protein

content exhibited gravimetrically measurable corresponding changes in water content.
Lack of a change in liver water content (Fig. 2) may be due to the lower wet/dry wt ratio
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of liver tissue in general due to the high lipid content making the tissue more
hydrophobic. Alternatively, in liver tissue the % changes in protein, while significant, did
not reach the 50% level necessary to be reflected in a change in wet/dry wt ratio.

In Table 3, the significant decrease in Hct and protein content of blood from the
small-volume pre to the large-volume post sampile in all groups is due to the rapid
movement of fluid from the interstitium into the vasculature during exsanguination via
cardiac puncture used to obtain the sample. This large sample was taken in order to be
as consistent as possible in removing as much blood as possible from tissues so that
the Eb extracted would represent that in the tissues and to minimize the Eb from
residual blood in the vasculature. As previously reported (14), water entered the
vasculature during rewarming as evidenced by the significantly greater decrease in Hct
and %TPP content of the plasma from pre to post in the Rew groups than in the Hypo
groups with and without FL. Additionally, FL appears to have further increased the
plasma content of the blood over that seen in rewarmed control animals. Thus,
providing a greater circulating volume and better potential perfusion of rewarmed
tissues.

Anesthesia control groups were included in this study but the data are not
presented in this report, because they were previously published (24). Briefly, three
groups of normothermic rats were given the same dose (35 mg/kg, i.p.) of pentobarbital
anesthesia as the hypothermic and rewarmed groups whose data are presented. Blood
and tissue samples were taken from the three groups at 2, 3, and 4 hr following
pentobarbital administration respectively. In the present study, tissues were harvested
from the hypothermic and the rewarmed groups 166 + 46 min and 198 + 24 min
respectively, after pentobarbital administration. Therefore, data from the hypothermic
groups would have fallen between the resuits from the 2 and 3-hour anesthesia groups,
and data from the rewarmed groups would have fallen between the results from the 3
and 4 hour anesthesia groups. The wet/dry wt ratios in the anesthesia groups indicated
that at 2 hrs there was a significant increase in water content of lung kidney and
intestine that was resolved by 3 hours which may explain the increase in water content
of these tissues in hypothermic but not in rewarmed groups. Eb content of tissues in
the anesthesia groups indicated that there was less protein extravasation from brain,
muscle, lung and kidney at 2 hours and continued to be decreased only for muscle and
brain at 3 hours. These differences are opposite to those changes noted in hypothermic
and rewarmed groups; therefore, the differences in protein extravasation seen in
hypothermic and rewarmed groups are due to either the hypothermia and rewarming or
the FL treatment and are not related to anesthesia administration.

The endothelial tissues in each of the organs examined have unique structural
and functional properties which serve to help explain some of the differences seen with
hypothermia or rewarming with and without FL in this study. Table 4 summarizes some
of these differences (12, 19, 37). Structurally, liver tissue has a discontinuous
endothelium, no basement membrane and is readily permeable to proteins. The
intestine and kidney are similar in that they have fenestrated endothelia, continuous
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basement membranes and protein permeability that are limited but increase with
ischemia. Lung and heart both have continuous endothelia and basement membranes,
but the lungs have a high degree of vesicular protein transport. Muscle and brain also

both have continuous endothelia and basement membranes, but muscle does have

specialized pores between endothelial cells and vesicular transport of proteins, where
as the brain under normothermic conditions has minimal vesicular transport. (37)

Table 4. Endothelial characteristics of each tissue type

Liver Intestine Kidney Lung Heart Muscle Brain

Endothelium dis- fenestrated | fenestrated | continuous | continuous | continuous | continuous
type continuous
Basement | none continuous | continuous | continuous | continuous | continuous | continuous
membrane
Protein Readily Increases | Increases | High Pores Minimal
transport | permeable | with with vesicular between vesicle
ischemia ischemia transport cells, transport
vesicles

Most hydrophilic molecules such as albumin must cross the endothelial barrier of

the capillaries outside of the cells (i.e. through pores between cells) except for water

that may also go through the cells (6). Lipid soluble molecules can diffuse through lipid

membrane components, but water-soluble molecules can only cross the endothelial

cells via pore in junctions between cells. Different tissue types have different junction

with the brain having the tightest junctions allowing passage of the fewest and smallest
water-soluble molecules of any tissue. For most capillary beds the composition of
interstitial fluid and plasma is the same except for protein content, but the blood-brain

barrier is so impermeable that differences in concentration of many solutes determine
fluid flow (25).

Endothelium in hepatic tissue has fenestrations that allow easy exchange and
equilibration between plasma and interstitial spaces. This ready exchange may be the
reason for the lack of change in hepatic wet/dry wt ratio in any of the groups.

Sympathetic stimulation suppresses autocontrol of hepatic blood flow and results in

shunting of hepatic flow to the general circulation. However, the increase in Eb in
CHypo and CRew over predicted and over that in CN indicates increased extravasation;

further increase in Eb with FL indicated increased flow resulting from vasodilatory
effects of FL.

Gastro-intestinal tissue is highly responsive to sympathetic stimulation resulting
in significant vasoconstriction and the shunting of blood from the Gl tract to other
tissues particularly during hyperthermia, hypothermia and exercise. This may result in
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prolonged ischemia and resultant tissue damage (32). In the intestine, capillary blood
pressure is low and plasma colloid osmotic pressure is usually higher thus facilitating
absorption of water into the vasculature. Thus increased flow resulting from FL-induced
vasodilation evident in FLN (Table 1) could have attenuated the normal hypothermia
and rewarming induced vasoconstriction. This increased flow (19) could result in more
water removed from intestinal tissue as seen in FLRew.

While the lung, brain and muscle all have continuous endothelia and basement
membranes, the mechanisms of protein transport across the endothelium differ. The
lung has extensive vesicle exchange; the muscle has larger pores between endothelial
cells particularly in the post capillary venules; but the brain has minimal protein transport
by either mechanism (32). This could explain why FL administration in both the lung and
muscle resulted in increased protein extravasation while increased extravasation was
not seen in the brain.

Like the gastrointestinal tract, skeletal muscle is also sensitive to sympathetic
stimulation that can increase arterial resistance and decrease flow resulting in shunting
of flow to other areas during hyperthermia and hypothermia, but exercise greatly
increases flow (32). Although muscle contains continuous endothelium and a basement
membrane, pharmacological agents have been shown to affect the permeability to
plasma protein (37). Thus the increase in flow resulting from FL administration in
rewarmed muscle would be expected to increase protein extravasation as seen with the
increase in Eb concentration in Fig.1.

The blood-brain barrier is the endothelium of the brain capillaries. The tight
junctions between endothelial cells contain no fenestra and very few pinocytotic
vesicles. The structure is similar to an epithelial membrane. Transport of inorganic ions
is much slower across the blood-brain barrier than in other capillaries and Ca*™
transport is slower than Na*, K*, and CI transport. Movement of water and tracers
across the blood-brain barrier is strongly dependent on changes in blood flow (12).
Evans blue-bound albumin does not cross the intact blood-brain barrier. Since protein
content of brain tissue did not change with rewarming while water content dropped
significantly, the difference across the membrane responsible for the movement of
water out of the tissues could have been the result of a large increase in other osmotic
entities such as inorganic ions in the blood flowing more rapidly through the brain
vasculature on rewarming with FL.

During hypothermia, Tveita et al (40) determined that the reduced cardiac output
was due to a reduced heart rate, but during rewarming cardiac output returned only to
33% of control due to a reduced stroke volume. Skin and muscle blood flows on
rewarming were not significantly different from control values despite the fact that
cardiac output was only 33% of control values; thus, blood flow distribution on
rewarming would seem to be detrimental to survival. A contributing factor in the
reduced blood flow was an increase in vascular resistance due to aggregation of red
blood cells and hemoconcentration. Interstitial and plasma colloid osmotic pressure
measurements indicated that there was a significant decrease in the plasma and an
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increase in the interstitial on rewarming. This would seem to indicate a significant
increase protein extravasation consistent with the greater than predicted extravasation
of albumin-bound Eb in the intestine, lung, muscle, liver and brain tissue found in the
present study (Fig. 1). Flunarizine administration increased the flow (as evidenced by
increased protein extravasation) in heart, liver, lung and muscle without reducing flow to
any organ bed; thus, providing more beneficial perfusion and potentially increasing
survival.

Flunarizine pretreatment appears to have been beneficial in these studies of
hypothermia and rewarming as well as the previously reported studies (23) of
hyperthermia. All of the tissues that exhibited an increase in extravasation in the FLN
group (liver, intestine, kidney, and lung, Table 1) were the same tissues in which
hyperthermia-induced extravasation was reduced by FL in the hyperthermic rats. This
may indicate that these tissues are the most sensitive to FL effects.

CONCLUSIONS

In conclusion, although others have previously measured hemodynamics in
hypothermia and rewarming, this paper is the first to report changes in organ water
content and protein extravasation. In our previous work in hyperthermia, FL decreased
endothelial cell deformation thus decreasing gap formation between cells and
consequent excessive hyperthermia-induced extravasation. In hypothermia and
rewarming, FL-induced vasodilation and increased red blood cell deformability thereby
improving perfusion to tissues and reducing potential ischemia. Thus, the calcium
channel blocker FL has different effects in hypothermia and hyperthermia, but beneficial
effects in both cases.

16



REFERENCES

1. Bebin, M. and T. P. Bleck. New anticonvulsant drugs. Drugs 48: 153-171, 1994.
2. Berne, R. M. Myocardial function in severe hypothermia. Circ. Res. 11: 90-95, 1954.

3. Centonze, V., G. Campanale, M. Vino, P. Caporaletti, D. Magrone, P. Russo, M. Di
Bari, V. Loragno, and O. Albano. Raynaud’'s phenomenon and calcium blocking agents.
A preliminary open study with flunarizine. Clin. Ter. 137: 77-82, 1991.

4. Chiou, T. L., Y. H. Chiang, W. S. Song, and S. S. Lin. Transdural cortical stabbing
facilitates the drainage of edema fluid out of cold-injured brain. Acta Neurochir. 60: 459-
461, 1994.

5. Cousin, M. A, D. G. Nicholls, and J. M. Pocock. Flunarizine inhibits both calcium-
dependent and -independent release of glutamate from synaptosomes and cultured
neurons. Brain Res. 606: 227-236, 1993.

6. Crone, C. and D. G. Levitt. Capillary permeability to small solutes. In: Handbook of
Physiology Sec.2: The Cardiovascular System, Vol. IV: Microcirculation, edited by E. M.
Renkin and C. C. Michel. Maryland, USA: American Physiological Society, 1984, p.411-
466.

7. DeClerk, F., J. DeCree, J. Brugmans, and D. Wellens. Reduction of flunarizine of the
increase of blood viscosity after ischemic forearm occlusion. Arch. Int. Pharmacodyn.
230: 321-323, 1977.

8. Dietrich, W.D., O. Alonso, and R. Busto. Moderate hyperglycemia worsens acute
blood-brain barrier injury after forebrain ischemia in rats. Stroke 24: 111-116, 1993.

9. Drew, K. L., M. E. Rice, T. B. Kuhn, and M. A. Smith. Neuroprotective adaptations in
hibernation: therapeutic implications for ischemia-reperfusion, traumatic brain injury and
neurodegenerative diseases. Free Radic. Biol. Med. 31: 563-573, 2001.

10. El-Sabban, F., H. L. Edmonds, P. Y. Zhang, and C. B. Shields. Effects of flunarizine
on free radical-induced microcirculatory injury. Pathophysiology 1: 53-58, 1994.

11. EI-Sabban, F., M. A. Fahim. Local cerebral hyperthermia induces spontaneous
thrombosis and arteriolar constriction in the pia mater of the mouse. Int. J. Biometerol.
38:92-97, 1995.

12. Fenstermacher, J. D. and S. |. Rapoport. Blood-brain barrier. In: Handbook of
Physiology Sec.2: The Cardiovascular System, Vol. IV: Microcirculation, edited by E. M.
Renkin and C. C. Michel. Maryland, USA: American Physiological Society, 1984, p. 969-
1000.

13. Hansen, T. N., P. E. Dawson, and K. G. M. Brockbank. Effects of hypothermia upon
endothelial cells: mechanisms and clinical importance. Cryobiology 31: 101-106, 1994.
14. Harnett, R. M., J. R. Pruitt, and F. R. Sias. A review of the literature concerning
resuscitation from hypothermia: Part II--Selected rewarming protocols. Aviat. Space
Environ. Med. 54: 487-95, 1983.

15. Hirota, K., E. K. Zsigmond, A. Matsuki, and S. F. Rabito. Topical ketamine inhibits
albumin extravasation in chemical peritonitis in rats. Acta Anasthesiol. Scanda. 39: 174-
178, 1995.

16. Hladovec, J. and F. DeClerck. Protection by flunarizine against endothelial cell
injury in vivo. Angiology 32: 448-462, 1981.

17



17. Lin, P. S., K. C. Ho, S. J. Sung, and J. Gladding. Effect of tumor necrosis factor,
heat, and radiation on the viability and microfilament organization in cultured endothelial
cells. Int. J. Hyperther. 8: 667-677, 1992.

18. Lortie, M., B. Gauthier, and G. E. Plante. Renal reperfusion injury: sequential
changes in function and regional albumin extravasation. Microvasc. Res. 48: 295-302,
1994.

19. Lundgren, O. Microcirculation of the gastrointestinal tract and pancreas. In:
Handbook of Physiology Sec.2: The Cardiovascular System, Vol. IV: Microcirculation,
edited by E. M. Renkin and C. C. Michel. Maryland, USA: American Physiological
Society, 1984, p. 799-864.

20. L'vova, S. P, T. F. Gorbunova, and E. M. Abaeva. The effect of hypothermia and
dalargin on lipid peroxidation in rat tissues. Vopr. Med. Khim 39: 21-24, 1993.

21. Marion, D. W_, L. E. Penrod, S. F. Kelsey, W. D. Obrist, P. M. Kochanek, A. M.
Palmer, S. R. Wisniewski, and S. T. DeKosky. Treatment of traumatic brain injury with
moderate hypothermia. N. Engl. J. Med. 336:540-546, 1997.

22. Matthew, C. B., D. A. DuBose, |. V. Sils, and K. A. Tartarini. Hyperthermia-induced
changes in the vascular permeability of rats: A model system in which to examine
therapeutic interventions. J. Therm. Bio. 25: 381-386, 2000.

23. Matthew, C. B. and |. V. Sils. Flunarizine pretreatment attenuates hyperthermia-
induced extravasation in rats. Pfliigers Arch — Eur. J. Physiol. 441: 88-93, 2000.

24. Matthew, C. B, I. V. Sils, and A. M. Bastille AM. Tissue specific extravasation of
albumin-bound Evans blue in hypothermic and rewarmed rats. Can. J. Physiol.
Pharmacol. 80: 233-234, 2002.

25. Mitchel, C. C. Fluid movements through capillary walls. In: Handbook of Physiology
Sec.2: The Cardiovascular System, Vol. IV: Microcirculation. Edited by E. M. Renkin
and C. C. Michel. Maryland, USA: American Physiological Society, 1984, p. 375-410.

26. Moghimi, S. M., I. S. Muir, L. lllum, S. S. Davis, and V. Kolb-Bachofen. Coating
particles with a block co-polymer (poloxamine-908) suppresses opsonization but
permits the activity of dysopsonins in the serum. Biochim. Biophys. Acta 1179: 157-165,
1993.

27. Murad, F. Drugs used for the treatment of angina: organic nitrates, calcium-channel
blockers, and B-adrenergic antagonists. In The Pharmacological Basis of Therapeutics
8th ed. New York, New York: Pergamon Press Inc., 1990, p.774-780.

28. Oztas, B. and M. Kugiik. Intracarotid hypothermic saline infusion: a new method for
reversible blood-brain barrier disruption in anesthetized rats. Neurosci. Let. 190: 203-
206, 1995. ‘

29. Petersson, G., E. Bacci, D. M. McDonald, and J. A. Nadel. Neurogenic plasma
extravasation in the rat nasal mucosa is potentiated by peptidase inhibitors. Pharmacol.
Exp. Ther. 264: 509-514, 1993.

30. Popovic, V. P. and K. M. Kent. Cardiovascular responses in prolonged hypothermia.
Am. J. Physiol. 209: 1069-1074, 1965.

31. Rauen, U. and H. de Groot. Cold-induced injury release of reactive oxygen species
as a decisive mediator of hypothermia injury to cultured liver cells. Free Radic. Biol.
Med. 24: 1316-1323, 1998.

18



32. Rippe, B., A. Kamiya, and B. Folkow. Transcapillary passage of albumin, effects of
tissue cooling and of increases in filtration and plasma colloid osmotic pressure. Acta
Physiol. Scand. 105: 171-187, 1979.

33. Schwab, S., D. Georgiadis, J. Berrouschot, P. D. Schellinger, C. Graffagnino, and
S. A. Mayer. Feasibility and safety of moderate hypothermia after massive hemispheric
infarction. Stroke 32: 2033-2035, 2001,

34. Shohami, E., M. Novikov, and M. Horowitz. Long term exposure to heat reduces
edema formation after closed head injury in the rat. Acta Neurochir. 60: 443-445, 1994,
35. Sirois, M. G., S. Jancar, P. Braquet, G. E. Plante, and P. Sirois. PAF increases
vascular permeability in selected tissues: effect of BN-52021 and L-655,240.
Prostaglandins 36: 631-644, 1988.

36. Steiner, T., P. Ringleb, and W. Hacke. Treatment options for large hemispheric
stroke. Neurology 57 (5 Suppl. 2): S61-S68, 2001.

37. Taylor, A. E. and D. N. Granger. Exchange of macromolecules across the
microcirculation. In: Handbook of Physiology Sec.2: The Cardiovascular System, Vol.
IV: Microcirculation, edited by E. M. Renkin and C. C. Michel. Maryland, USA: American
Physiological Society, 1984, p.467-520.

38. Tveita, T. Rewarming from hypothermia. Newer aspects on the pathophysiology of
rewarming shock. Int. J. Circumpolar Health 59: 260-266, 2000.

39. Tveita, T., M. Skandfer, H. Refsum, and K. Ytrehus. Experimental hypothermia and
rewarming: changes in mechanical function and metabolism of rat hearts. J. Appl.
Physiol. 80: 291-297, 1996.

40. Tveita, T., K. Ytrehus, M. Skandfer, P. @ian, E. Helset, E. S. P. Myhre, and T. S.
Larsen. 1996. Changes in blood flow distribution and capillary function after deep
hypothermia in rat. Can. J. Physiol. Pharmacol. 74: 376-381, 1996.

41. Van Zwieten, P. A. Protective effects of calcium antagonists in different organs and
tissues. Am. Heart J. 125: 566-571, 1993.

42. Weinberg, A. D. Hypothermia. Ann. Emerg. Med.22: 370-377, 1993.

43. Wysolmerski, R., D. Lagunoff, and T. Dahms. Ethchlorvynol-induced pulmonary
edema in rats: An ultrastructural study. Am. J. Pathol. 115: 447-457, 1984.

44. Zachariassen, K. E. Hypothermia and cellular physiology. Arct. Med. Res. 50: Suppl.
6: 13-17, 1991.

45. Zhang, J. X. and M. B. Wolf. Effects of cold on microvascular fluid movement in the
cat limb. J. Appl. Physiol. 71: 703-708, 1991.

46. Zumkeller, M. and H. Dietz. Ultrastructural changes in the blood-brain barrier in rats
after treatment with nimodipine and flunarizine. A comparison. Neurosurg. 19: 253-260,
1996.

19



